1. Introduction {#s0005}
===============

The last common ancestor of humans and macaques is estimated to have lived approximately 25 million years ago [@bb0005]. The macaque biomedical model has been instrumental in studying and combating infectious, cardiovascular, metabolic, and respiratory diseases, as well as understanding reproduction, development, aging, and neuroscience in humans [@bb0010], [@bb0015], [@bb0020], [@bb0025], [@bb0030], [@bb0035], [@bb0040]. The most commonly used macaque species in human biomedical research are rhesus macaques (*Macaca mulatta*) with those of Indian origin being most popular [@bb0045]. The natural range of rhesus macaques spans from Afghanistan in the west to the western shores of the Yellow Sea in the east [@bb0050]. Genetic differences between rhesus macaques from India and China have been characterized and can be used to determine an individual\'s country of origin [@bb0055], [@bb0060], [@bb0065], [@bb0070]. In a genome comparison of the two regional populations of rhesus macaques, Yan et al. [@bb0075] found that 97% of Chinese rhesus macaque sequence scaffolds were successfully placed on Indian rhesus chromosomes, suggesting high levels of genetic similarity. Alternatively, comparisons of the human and Indian rhesus macaque genomes revealed that these two species share 93.54% sequence identity [@bb0045], justifying the use of rhesus macaques as human biological models. However, rhesus macaques carry three times the genetic diversity observed in humans [@bb0080], and large scale genomic rearrangements have also been observed between these two species [@bb0085], circumstances that may either limit or enhance the suitability of the rhesus macaque model.

Single nucleotide polymorphisms (SNPs) and copy number variations (CNVs) are highly variable in the human population and are often associated with human diseases and other phenotypes [@bb0045], [@bb0090], [@bb0095], [@bb0100], [@bb0105], [@bb0110]. Kanthaswamy et al. [@bb0085] used the commercially available Affymetrix^®^ Genome-Wide Human SNP Array 6.0 to study the conservation of SNPs between humans and rhesus macaques. Of the 906,600 SNPs featured on the array, more than 85,000 were found to be conserved and were used to map over 9400 human gene orthologs in rhesus macaques. Analysis of the SNPs revealed major regions of genomic rearrangement including chromosome fusions and gene inversions, consistent with previous studies [@bb0115], [@bb0120], [@bb0125].

Many CNVs are involved in variable copy numbers of genes that may have different phenotypic effects depending on gene dosage. For example, higher copy numbers of the chemokine *CCL3L1* confer greater resistance to HIV (human immunodeficiency virus) and SIV (simian immunodeficiency virus; the non-human primate equivalent to HIV) in humans and rhesus macaques, respectively [@bb0090], [@bb0095]. Chinese rhesus macaques have, on average, more copies of *CCL3L1* than Indian rhesus macaques, contributing to the former\'s lower susceptibility to SIV infection [@bb0095]. The conservation of *CCL3L1* in rhesus macaques makes them good models for studying HIV, and the difference in copy number of this gene between the regional rhesus macaque populations may make one population more suitable as subjects for a particular study than the other. Though few CNVs have been determined to cause disease in humans, it is likely that these variants may affect susceptibility to some diseases. Moreover, the mapping of human CNVs in rhesus macaques can show differences in the location of CNVs shared between the two species and identify genomic rearrangement.

Since CNVs are highly variable and have been linked to some phenotypes, including some diseases, in humans, analyses similar to those done with the SNPs can be used to identify conserved CNVs. In addition to the SNP probes used in Kanthaswamy et al. [@bb0085], the Affymetrix^®^ array also features 946,000 CNV detection probes. The present study is based on the analyses of the rhesus macaque CNV data generated using the Affymetrix^®^ array to identify species-specific copy number differences within the orthologous genomic regions in macaques and humans. Genomic similarities and differences in orthologous CNVs of rhesus macaques and humans may reveal if macaques are ideal models for the study of some human traits while being suboptimal for the study of others. Since biomedical research depends heavily on the suitability of animal models for specific studies, a better understanding of the genomic differences between orthologous CNVs of humans and macaques may provide insight on the utility of macaques as models for studying specific human traits.

2. Results {#s0010}
==========

A total of 230,973 CNV markers on the Affymetrix^®^ Genome-Wide Human SNP Array 6.0 were successfully mapped to both human (hg19) and Indian rhesus macaque (rheMac2) genomes. Seven hundred and nine of these markers mapped to multiple sites within the rheMac2 genome. The chromosomal distribution of the markers across both human and Indian rhesus macaque genomes is summarized in [Table 1](#t0005){ref-type="table"} and the generalized synteny of Indian rhesus macaque chromosomal segments relative to human chromosomes is shown in [Fig. 1](#f0025){ref-type="fig"}a. Though the majority of the human markers were mapped to the rhesus macaque chromosome orthologs that Rogers et al. [@bb0115] identified using STRs, suggesting generally conserved synteny across the genomes, a few markers did not (the single colored bands within the larger colored blocks), which could indicate genomic rearrangement. From the 230,973 human markers that mapped to the Indian rhesus macaque, 109,044 mapped to 30,642 unique NCBI RefSeq accession numbers and 14,466 unique annotated genes in human, and 24,666 markers mapped to 3809 unique accession numbers and 3782 genes in Indian rhesus macaque.

Similarly, comparing the human (hg19) and Chinese rhesus macaque (rheMac3) genomes yielded a total of 221,268 markers that mapped to both genomes with 951 CNV markers mapping to multiple locations and the majority of markers mapping to their orthologous rhesus macaque chromosomes. The probe distribution across the Chinese rhesus macaque and human chromosomes is shown in [Table 1](#t0005){ref-type="table"} and the conserved synteny is illustrated in [Fig. 1](#f0025){ref-type="fig"}b. While most human markers mapped to their orthologous rhesus macaque chromosomes similar to that of Indian rhesus macaques, more non-orthologous markers were observed in the Chinese rhesus macaque than the Indian. Of the 221,268 markers mapped to both genomes, 105,248 mapped to 30,282 unique accession numbers and 14,337 unique annotated genes in human, and 23,378 markers mapped to 3731 unique accession numbers and 3704 genes in Chinese rhesus macaque.

The comparison between the two rhesus macaques resulted in 205,532 markers that mapped to the genomes of both rhesus macaques and 1146 makers that mapped to multiple locations. From the 205,532 markers that mapped to both Indian and Chinese rhesus macaques, 22,385 markers mapped to 3709 unique accession numbers and 3682 genes in Indian rhesus macaque, and 22,101 markers mapped to 3675 accession numbers and 3650 genes in Chinese rhesus macaque. All markers with their mapped annotated genes for all comparisons are summarized in [Table 2](#t0010){ref-type="table"} and listed in detail for the Indian rhesus-human, Chinese rhesus-human, and Chinese--Indian rhesus comparisons in [Supplementary File 1](#ec0005){ref-type="supplementary-material"}, [Supplementary File 2](#ec0010){ref-type="supplementary-material"}, [Supplementary File 3](#ec0015){ref-type="supplementary-material"}, respectively.

Chromosomal rearrangements, such as the fusion of rhesus macaque chromosomes 12 and 13 that are orthologous to human chromosome 2, were in agreement with previous observations in great apes [@bb0130], baboons [@bb0135], and Japanese macaques [@bb0140]. Human chromosomes 5, 12, and X and their orthologous rhesus macaque chromosomes showed no microinversions or rearrangements in either the Indian or the Chinese rhesus macaque while human chromosome 19 also showed no rearrangement in the Chinese rhesus macaque. The chromosomal fission of human chromosome 2 corresponding to the orthologous rhesus macaque chromosomes 12 and 13 mentioned above and the chromosomal fusions of human chromosomes 7 and 21 to rhesus macaque chromosome 3, human 14 and 15 to rhesus macaque 7, and human 20 and 22 to rhesus macaque 10 were observed and consistent with previous studies [@bb0085], [@bb0115], [@bb0120], [@bb0130], [@bb0140], [@bb0145]. Despite being of the same species, rearrangements, albeit small compared to those observed between human and rhesus macaque, were observed in chromosomes 2, 4, 5, 7, 10, 14, 15, 16, 19, 20, and X in the Indian and Chinese rhesus macaque. [Fig. 2](#f0030){ref-type="fig"} shows the large-scale chromosomal rearrangements and synteny observed in rhesus macaque chromosome 10 in both rhesus macaque reference genomes ([Fig. 2](#f0030){ref-type="fig"}a: Indian rheMac2; 2b: Chinese rheMac3) in relation to the human genome (hg19) and between the two rhesus macaques ([Fig. 2](#f0030){ref-type="fig"}c) for all mapped and annotated genes. Similar genomic rearrangements and regional inversions were observed in both Indian and Chinese rhesus macaques as compared to human with the exception of a single inversion block at the end of rhesus chromosome 10 and human chromosome 22 ([Fig. 2](#f0030){ref-type="fig"}b). Although the Chinese rhesus macaque-human inversion above was not observed when the two rhesus macaques were compared, a gene rearrangement was detected, indicating that structural genomic variation exists within the rhesus macaque species. Chromosomal rearrangement and microinversions for each comparison are shown in [Supplementary File 1](#ec0005){ref-type="supplementary-material"}, [Supplementary File 2](#ec0010){ref-type="supplementary-material"}, [Supplementary File 3](#ec0015){ref-type="supplementary-material"} for Indian rhesus-human, Chinese rhesus-human, and Indian-Chinese rhesus macaques, respectively.

Copy number comparison between Indian rhesus macaque and human identified 1679 copy number regions with 206 regions that had copy number differences greater than or less than a factor of two ("doubled regions"). When comparing Chinese rhesus macaques to humans, the number of total copy number regions decreased to 305 and doubled regions to 32. Comparisons of the two rhesus macaques yielded the greatest number of total copy number regions (2725), but fewer doubled regions (147) than the comparison between Indian rhesus macaque and human.

The double region comparison for Indian rhesus-human resulted in 885 unique accession numbers and 407 unique genes in human and 96 unique accession numbers and genes in Indian rhesus macaque. The doubled regions for the Chinese rhesus-human comparison mapped to 308 unique RefSeq accession numbers and 154 unique genes in human and 26 unique accession numbers and genes in Chinese rhesus macaque. Lastly, despite having the most copy number regions, the Chinese rhesus-Indian rhesus comparison only had 17 unique accession numbers and genes that mapped to the doubled regions of the Indian rhesus macaque and 13 accession numbers and genes to the Chinese rhesus macaque. Of the genes found in the doubled regions for each comparison pair, 66 genes were found in both Indian rhesus macaque and human, eight genes between Chinese rhesus macaque and human, and 13 in both the Chinese and Indian rhesus macaques. All doubled region information, including accession numbers, genes, and counts in log base two, for all comparisons is summarized in [Table 3](#t0015){ref-type="table"} and listed in detail in [Supplementary File 4](#ec0020){ref-type="supplementary-material"}.

3. Discussion {#s0015}
=============

Using human markers to investigate the rhesus macaque genomes has resulted in the identification of over 200,000 sites that are complementary to orthologous probes. The high number of successful orthologous probes also suggests that rhesus macaques have high levels of sequence identity and genetic similarity to humans. Mapping of the orthologous probes provided more detailed observations of synteny between humans and rhesus macaques and between the two geographically distinct rhesus macaques. The genomic rearrangement observed in both human--rhesus macaque comparisons was in agreement with previous findings [@bb0085], [@bb0115], [@bb0130], [@bb0135], [@bb0140] and provided finer mapping results that could be added to previous comparative genomic maps of the two species. As the genetic maps reported here were based on annotated gene builds and were comprehensive, the results should be verified for particular regions of interest since available gene annotations have been known to contain errors [@bb0150]. Zimin et al. [@bb0155] independently reconstructed and revised the rheMac2 genome annotation, which may have corrected some of those errors. However, that study did not address potential issues concerning rheMac3. While it could have been more appropriate to include Zimin et al.\'s [@bb0155] corrections, at present, that is not possible as their information has neither been incorporated into the NCBI database nor built into the UCSC genome browser.

Despite this, the results from this study have identified regions containing CNVs in rhesus macaques that may not have been previously located. These copy number regions were mapped to many annotated genes, some of which are associated in disease susceptibility such as the phosphate and tensin homolog (*PTEN*), cancer susceptibility candidate 3 (*CASC3*), and B-cell lymphoma 6 (*BCL6*), which are involved in the cell cycle and tumor suppression [@bb0160], breast carcinoma [@bb0165], and non-Hodgkin lymphoma [@bb0170], respectively. A more extensive list of genes and disease associations is given in [Table 4](#t0020){ref-type="table"}. Since only two rhesus macaques were genotyped, the number of copy number regions and "doubled regions" was probably underestimated. A more thorough assessment of CNVs in several rhesus macaque samples from different geographic populations is needed to provide better estimates of the number of CNV regions in this species\' genome and the copy number at each CNV. This can be achieved through similar analyses as those done by Ng et al. [@bb0175] who used the orthologous SNPs from Kanthaswamy et al.\'s [@bb0085] study to design a custom SNP array and genotype multiple rhesus macaques so population genetic comparisons could be made.

Although the copy number regions identified here may indicate that a gene has a greater copy number in humans than in rhesus macaques, the gene must first be located in rhesus macaques and the copy number determined to verify the species-specific copy number differences. For example, the histocompatibility antigen gene *HLA-B* exhibited over two times the copy number in humans, but was not located in any copy number regions in either rhesus macaque. This was due to the potential orthologous gene in rhesus macaques being identified as *LOC714964*, a gene that is like *HLA-B* but not yet confirmed as orthologous. In addition to genes that have yet to be annotated in the rhesus macaque genome, other factors may dictate why some genes are located in copy number regions in humans but not in rhesus macaques. These discrepancies may be due to the gene being absent in rhesus macaques or not mapping to a copy number region complimentary to the probes used in rhesus macaques. For studies involving CNVs based on these or other results, sequencing of the copy number variant regions or genes should be done to precisely determine the copy number in the samples and verify the correct annotation of genes.

Though rhesus macaques are one of the closest model organisms to humans, the available genetic data repositories are not as extensive or nearly as detailed as other more distantly related model organisms such as mice or yeast. The level of genetic conservation between human and macaques has yet to be fully investigated, but the results from this study will be useful for all biomedical research. The use of orthologous probes provides information regarding the genetic similarities between the model organism and humans and highlights potential markers of interest, especially those known to be associated with human traits and diseases. As with SNPs, CNVs are often associated with traits and diseases, and greater knowledge about these variants in rhesus macaques will be beneficial for studies utilizing the rhesus macaque model.

4. Materials and methods {#s0020}
========================

4.1. CNV probe hybridization {#s0025}
----------------------------

Genomic DNA from one female Chinese and one female Indian rhesus macaque obtained from the California National Primate Research Center and genomic DNA from one human female purchased from Zyagen (San Diego, CA) were hybridized to the Affymetrix^®^ Genome-Wide Human SNP Array 6.0 following manufacturer protocols. The array was processed and all probes assessed and validated following previously published [@bb0085] procedures.

4.2. Orthologous probe identification and validation {#s0030}
----------------------------------------------------

The probe sequences and their corresponding coordinates in the UCSC Genome Browser\'s (<https://genome.ucsc.edu/>) [@bb0180] human genome (version hg19) were downloaded from the Affymetrix website (<http://www.affymetrix.com/>) and used to check that probe sequences aligned uniquely and perfectly to the rhesus macaque genomes. All probe sequences were aligned using BWA 0.7.4 [@bb0185], SAMtools 0.1.19 [@bb0190], and R [@bb0195] against both rhesus macaque genome references (UCSC rhesus genome versions rheMac2: Indian rhesus macaque; rheMac3: Chinese rhesus macaque) with all known repeats masked using RepeatMasker [@bb0200] to allow for zero mismatches and only perfect alignments. Only alignments with mapping qualities greater than zero were used and separate lists were compiled for CNV probes that aligned to either a single, multiple, or no target region in each rhesus macaque genome. Probes were then confirmed against the UCSC Genome Browser\'s [@bb0180] Primate Chain/Net Comparative Genomics track, specifically the nets [@bb0205] for the rhesus macaque to human comparisons (rheMac2-hg19 and rheMac3-hg19), to be in the same conserved blocks.

4.3. Copy number estimation {#s0035}
---------------------------

Copy number estimation was conducted using the algorithm CRMA v2 [@bb0210] on human genomic positions (hg19). Smoothed regions with copy number changes in a given sample compared to a reference sample (Chinese rhesus to human, Chinese rhesus to Indian rhesus, and Indian rhesus to human) were estimated using circular binary segmentation [@bb0215], [@bb0220]. Raw and smoothed copy number estimation were both conducted using the R package aroma.affymetrix, version 2.10.1 [@bb0225]. The UCSC Genome Browser\'s [@bb0180] LiftOver tool [@bb0230] was used to convert the CNV regions from the human genome (hg19) positions to the Indian and Chinese rhesus macaque genome (rheMac2 and rheMac3, respectively) positions for human--rhesus macaque comparisons. For comparisons between the two macaques, Chinese rhesus macaque (rheMac3) positions were converted from Indian rhesus macaque (rheMac2) positions using LiftOver [@bb0230] instead of directly from human (hg19) so converted regions could be tracked between the genome builds. Only copy number regions that varied by at least a factor of two were used for gene copy number comparison between the species.

4.4. Probe annotation mapping {#s0040}
-----------------------------

All probes were mapped to the human (hg19) and each rhesus macaque (rheMac2 and rheMac3) RefSeq Genes database downloaded from the UCSC Table Browser [@bb0180], [@bb0235] using BEDTools 2.22.0 [@bb0240] for gene annotations. Probes identified in annotated genes were ordered according to their chromosomal positions and compared between the orthologous chromosomes of each pair of species. Genes found in each pair of species were used to detect genomic rearrangements and inversions in the orthologous chromosomes. Gene annotations for probes with copy number differences of greater than or equal to two or less than or equal to one-half were determined to identify potential genes with copy number differences between the pair of species.

The following are the Supplementary data related to this article.Supplementary File 1Mapped probe locations and gene annotations for the Indian rhesus macaque and human comparison.Supplementary File 2Mapped probe locations and gene annotations for the Chinese rhesus macaque and human comparison.Supplementary File 3Mapped probe locations and gene annotations for the Indian rhesus macaque and Chinese rhesus macaque comparison.Supplementary File 4All copy number region locations, gene annotations, and copy number calls for all comparisons. Columns "Mean CN" show the log~2~ copy number change for the region in the first individual relative to the second in the comparison. For example, "Mean CN" in the Chinese rhesus macaque and human comparison will show the log~2~ copy number change in the Chinese rhesus macaque relative to human. Genes highlighted in red are those shared between the two individuals compared. Mean CN values in red indicate averaged copy number changes for genes that mapped to multiple regions.

This study was supported by the California National Primate Research Center base grant (No. RR000169-48), by an ARRA supplement awarded to S.K. and Nick Lerche, CNPRC (No. RR018144-07), NIH grants RR005090 and RR025871 to D.G.S., and the UC Davis Henry A. Jastro Graduate Research Award to J.N. Animals used in this research were managed in compliance with Institutional Animal Care and Use Committee (IACUC) regulations or in accordance with the National Institutes of Health guidelines or the US Department of Agriculture regulations prescribing the humane care and use of laboratory animals.

![General conserved synteny of (a) Indian rhesus macaque (rheMac2) and (b) Chinese rhesus macaque (rheMac3) reference genome chromosomal segments relative to human (hg19) chromosomes. The colored bands (above) show orthologous rhesus macaque chromosome segments, with each color corresponding to a different rhesus macaque chromosome, and how they distribute across the human genome represented with G-banded chromosomes (below).](gr1){#f0025}

![Observed genetic rearrangement of rhesus macaque (R) chromosome 10 as compared to orthologous human (H) chromosomes 20 and 22 for (a) Indian rhesus macaque and human, (b) Chinese rhesus macaque and human, and (c) between the Indian and Chinese rhesus macaques. The colors indicate different gene blocks and arrows identify blocks with genomic inversions that were observed using the orthologous probes. Since each comparison set was done separately using markers found in both individuals compared, the number of genes identified differed and the color blocks do not represent the same segments between (a--c).](gr2){#f0030}

###### 

Probe distribution across the Indian (upper half) and Chinese rhesus macaque (lower half) in comparison to human chromosomes. Bolded numbers indicate probes in orthologous chromosomes. For example, human chromosome 2 corresponds to rhesus macaque chromosomes 12 and 13.
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###### 

Summary of all the markers mapped in each comparison and their respective species annotations.
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###### 

Summary of the copy number regions and gene annotations found in all comparisons.
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###### 

Example of identified genes with their disease associations.

  Gene Name   OMIM ID                     Disease association
  ----------- --------------------------- --------------------------------------------
  BCL6        [109565](109565){#ir0150}   B-cell lymphoma
  CASC3       [606504](606504){#ir0155}   Breast cancer
  DEK         [125264](125264){#ir0160}   Acute nonlymphocytic leukemia
  EIF2B2      [606454](606454){#ir0165}   Leukoencephalopathy
  EP300       [602700](602700){#ir0170}   Colorectal cancer
  EPHB6       [602757](602757){#ir0175}   Neuroblastoma
  FAM134B     [613114](613114){#ir0180}   Neuropathy
  FGFR1       [136350](136350){#ir0185}   Osteoglophonic dysplasia
  FZD4        [604579](604579){#ir0190}   Exudative vitreoretinopathy
  ICA1        [147625](147625){#ir0195}   Diabetes
  IL18        [600953](600953){#ir0200}   Coronary artery disease
  IL2RG       [308380](308380){#ir0205}   Severe X-linked combined immunodeficiency
  KIT         [164920](164920){#ir0210}   Piebaldism
  LMO4        [603129](603129){#ir0215}   Breast cancer
  MIR10B      [611576](611576){#ir0220}   Breast cancer
  MLH3        [604395](604395){#ir0225}   Colorectal cancer
  ORMDL3      [610075](610075){#ir0230}   Asthma
  PEX3        [603164](603164){#ir0235}   Peroxisome biogenesis disorder
  PRKRA       [603424](603424){#ir0240}   Dystonia
  PTEN        [601728](601728){#ir0245}   Endometrial carcinoma
  PTPN1       [176885](176885){#ir0250}   Diabetes
  PTS         [612719](612719){#ir0255}   Hyperphenylalaninemia
  SLC25A3     [600370](600370){#ir0260}   Mitochondrial phosphate carrier deficiency
  TERC        [602322](602322){#ir0265}   Dyskeratosis congenita
  TMEM165     [614726](614726){#ir0270}   Congenital disorder of glycosylation
  WDR11       [606417](606417){#ir0275}   Hypogonadotropic hypogonadism
